recruitment of macrophages promotes nonalcoholic steatohepatitis through CCR2.
mice had reduced hepatic macrophage infiltration with decreased MCP-1 and CCR2 expression because TLR signaling is a potent inducer of MCP-1. To assess the role of Kupffer cells at the onset of NASH, Kupffer cells were depleted by liposomal clodronate. The Kupffer cell depletion ameliorated steatohepatitis with a decrease in the MCP-1 expression and recruitment of Ly6C-expressing macrophages at the onset of NASH. Finally, to test the therapeutic potential of targeting CCR2, a CCR2 inhibitor was administered to mice on a CDAA diet. The pharmaceutical inhibition of CCR2 prevented infiltration of the Ly6C-positive macrophages, resulting in an inhibition of liver inflammation and fibrosis. We concluded that CCR2 and Kupffer cells contribute to the progression of NASH by recruiting bone marrow-derived monocytes.
CC-chemokine receptor; Kupffer cells; Toll-like receptors NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is now a common disease worldwide. Simple steatosis has been considered a benign liver disease associated with obesity. However, ϳ30% of patients with NAFLD progress to nonalcoholic steatohepatitis (NASH) and its complications including insulin resistance, hepatic fibrosis, cirrhosis, and hepatocellular carcinoma (5, 27, 40) . The pathology of NASH is characterized by hepatocyte steatosis associated with liver inflammation and hepatocyte damage, which is a distinct feature from simple steatosis (5, 22) . A variety of liver cells such as hepatocytes, hepatic macrophages, and hepatic stellate cells (HSCs) are involved in the pathogenesis of NASH (5) . Among these cells, hepatic macrophages consisting of resident Kupffer cells and recruited bone marrow (BM)-derived macrophages are the major cells that produce inflammatory mediators such as tumor necrosis factor-␣ (TNF-␣), interleukin-1␤ (IL-1␤), and reactive oxygen species (ROS) in NASH (29, 31) . These inflammatory mediators further stimulate hepatocytes and HSCs to induce hepatocyte steatosis and fibrosis, respectively.
Among the inflammatory mediators, chemokines play pivotal roles in the recruitment of a variety of cells including immune cells to the sites of inflammation through interaction with chemokine receptors (4) . Monocyte chemoattractant protein (MCP)-1, also known as CCL2, is a potent chemoattractive mediator produced from hepatic macrophages and HSCs. A principle receptor for MCP-1 is C-C motif chemokine receptor 2 (CCR2) that is expressed on monocyte-lineage cells including recruited and resident hepatic macrophages and HSCs (13, 26, 32) . We and others demonstrated that CCR2 is important for the recruitment of BM-derived macrophages and HSCs in liver fibrosis induced by bile duct ligation and treatment with carbon tetrachloride (13, 23, 32) . MCP-1 and CCR2 are also crucial for the development of hepatosteatosis, insulin resistance, and obesity in mice fed a high-fat diet (HFD) (12, 39) . Recent studies demonstrated that the recruited BM-derived macrophages, but not resident Kupffer cells, predominantly express CCR2 and the inflammatory phenotype that promote liver steatosis in mice fed a HFD, suggesting the importance of the recruited macrophages in the development of NAFLD (15, 26) . However, HFD-induced hepatic steatosis is not accompanied by profound liver inflammation and fibrosis. Clinically, NASH is more important than simple steatosis in patients. Our present study aims to investigate the role of CCR2 and recruited macrophages in the development of NASH.
Here we demonstrate the critical role of CCR2 in dietinduced NASH. In CCR2 Ϫ/Ϫ mice, the recruitment of BMderived macrophages and HSC activation was blunted. We also found that the initial MCP-1 production and subsequent macrophage recruitment are dependent on Toll-like receptor (TLR) signaling and resident Kupffer cells. Finally, we tested the pharmacological inhibition of CCR2 for the prevention of early and late stages of NASH.
MATERIALS AND METHODS
Animals, diet, and reagents. Wild-type (WT) C57BL/6 mice and CCR2 Ϫ/Ϫ mice were purchased from Jackson Laboratories (Bar Harbor, ME). TLR4 Ϫ/Ϫ , TLR9 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice (1, 7, 8) backcrossed at least 10 generations onto the C57BL/6 background were gifts from Dr. Akira (Osaka University, Osaka, Japan). These null mice exhibited similar hepatic phenotypes and hepatic lipid contents when fed standard laboratory chow (24) . Male mice were divided into two groups at 8-wk old: choline-supplemented L-amino acid-defined diet (CSAA) (cat. no. 518754; Dyets, Bethlehem, PA) and choline-deficient L-amino acid-defined diet (cat. no. 518753, Dyets). These diets were continued for 22 wk without any interruption. In the experiments of Kupffer cell depletion, we used a short protocol: 2-wk CDAA diet feeding to examine the early events of NASH. Kupffer cell-depleted mice were generated by the intravenous injection of liposomal clodronate (38) . For experiments with the chemical inhibitor of CCR2, we used both 2-wk and 22-wk CDAA diet protocols. For the 2-wk short protocol, a CCR2 antagonist (RS102895; 10 mg/kg per day; Sigma, St. Louis, MO) was administered in the drinking water for 2 wk. The other group was treated with a CCR2 antagonist during the final 4 wk of total 22 wk of CDAA diet feeding. The mice received humane care according to US National Institutes of Health recommendations outlined in the Guide for the Care and Use of Laboratory Animals. All animal experiments were approved by the University of California San Diego and Akita University Institutional Animal Care and Use Committees.
Histological examination. Hematoxylin and eosin (H-E), Oil Red O, and Sirius Red staining were performed as previously described (24) . NAFLD activity score was determined according to the published criteria (16) . Immunohistochemical staining for ␣-smooth muscle actin (Dako Cytomation, Kyoto, Japan), F4/80 (eBioScience, San Diego, CA), and Ly6C (Abcam, Cambridge, MA) were performed. For CCR2 staining, Envisionϩ system (Dako Cytomation) was used according to the manufacturer's instructions. Briefly, deparaffinized sections were heated in citrate buffer (Dako Cytomation) to accomplish antigen retrieval. Endogenous peroxidase was blocked with 3% H 2O2 in H2O. Anti-CCR2 antibody (Abcam) was applied as the primary antibody followed by the application of horseradish peroxidase-conjugated dextran-polymer prepared to detect the primary antibody. Peroxidase activity was visualized by diaminobenzidine with hematoxylin (Wako, Osaka, Japan) used as counterstain. F4/80-, CCR2-, and Ly6C-positive cells were counted on 10 high-power (ϫ200) fields per slide.
Quantitative real-time PCR analysis. Extracted RNA from livers and cells was subjected to reverse transcription and subsequent PCR reaction using ABI PRISM 7000 Sequence Detector (Applied Biosystems, Foster city, CA). Genes were normalized to 18S RNA as an internal control. Primers used are shown in Table 1 .
Lipid isolation and measurement. Triglyceride, total cholesterol, and free fatty acid contents were measured using Triglyceride Reagent Set (Pointe Scientific, Cantom, MI), Cholesterol E (Wako Chemicals, Richmond, VA), free fatty acid, half micro test (Roche, Mannheim, Germany) as previously reported (24) .
Assessment of insulin resistance. A homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as [immunoreactive insulin (U/ml) ϫ FBS (mg/dl)/405].
Cell isolation and treatment. Kupffer cells were isolated from mice as previously described (24) . After cell attachment, Kupffer cells were serum starved for 16 h, followed by treatment with 100 ng/ml LPS, 5 g/ml CpG-oligodeoxynucleotide (ODN) (ODN1826: 5=-tccatgacgttcctgacgtt-3=) or 5 g/ml Non-CpG-ODN (5=-tccatgagcttcctgagctt-3=).
Statistical analysis. Differences between two groups were compared using Mann-Whitney U-test. Differences between multiple groups were compared using one-way ANOVA (Dr. SPSS II); P Ͻ 0.05 was considered significant.
RESULTS
A CDAA diet induces NASH and fibrosis along with the recruitment of hepatic macrophages. Two control diets were used in the present study, an isocaloric CSAA diet that induces simple steatosis and a low-calorie standard chow diet. Although the CSAA diet caused mild steatosis, both control diets induced neither liver inflammation nor fibrosis (Fig. 1A) . Consistent with previous reports (17, 25) , a 22-wk CDAA diet induced severe steatosis, inflammatory cell infiltration, hepatocyte ballooning, HSC activation, and fine pericellular fibrosis (Fig. 1A) . We found that the mRNA of MCP-1, a potent chemoattractive mediator that recruits macrophages, and its receptor, CCR2, was upregulated in the NASH livers (Fig. 1B) . Consistently, the numbers of CCR2-expressing cells were increased after the CDAA diet feeding (Fig. 1 , A and C). Increased hepatic macrophage infiltration after CDAA diet feeding was demonstrated by the increased number of F4/80-positive cells and hepatic mRNA levels of F4/80 and an activated macrophage marker CD68 (Fig. 1, A-C) . The numbers of cells that express Ly6C, a marker for BM-derived circulating peripheral blood monocytes, were significantly increased in the livers of CDAA diet-fed mice, whereas few Ly6C-positive cells were seen in the livers of CSAA diet-or standard chow-fed mice (Fig. 1 , A and C) (2, 13, 14) . Moreover, hepatic macrophages isolated from CDAA diet-fed mice expressed inflammatory genes including TNF-␣, IL-1␤, MCP-1, and CCR2 (Fig. 1D ). These results suggest that infiltrated hepatic macrophages express inflammatory phenotypes with the expression of MCP-1 and CCR2 in the CDAA diet-induced NASH livers.
Loss of CCR2 inhibits the development of NASH, fibrosis, and insulin resistance. To investigate the role of CCR2 in NASH, WT and CCR2
Ϫ/Ϫ mice were fed with CDAA diet for 22 wk. In contrast to WT mice, CCR2
Ϫ/Ϫ mice exhibited less steatosis, inflammatory cell infiltration, and hepatocyte ballooning ( Fig. 2A) . The NAFLD activity score was significantly 
CCR2, C-C motif chemokine receptor; MCP, monocyte chemoattractant protein; PAI-1, plasminogen activator inhibitor-1; TIMP-1, tissue inhibitor of metalloproteinase-1.
lower in CCR2
Ϫ/Ϫ mice than in WT mice (total score, WT vs. CCR2 Ϫ/Ϫ mice ϭ 6.5 vs. 4.0, P Ͻ 0.05) (Fig. 2B ). Decreases in hepatic lipid content of triglyceride, total cholesterol, free fatty acids, and serum alanine transaminase (ALT) levels were also seen in CCR2 Ϫ/Ϫ mice after CDAA diet feeding (Fig. 2 , C and D). Hepatic gene expression of inflammatory cytokines including TNF-␣ and IL-1␤ were also significantly lower in CCR2
Ϫ/Ϫ mice than in WT mice (Fig. 2E ). Liver fibrosis, HSC activation, and the expression of fibrogenic genes including collagen ␣1(I), collagen ␣1(IV), tissue inhibitor of metalloproteinase-1 (TIMP-1), and plasminogen activator inhibitor-1 (PAI-1) were significantly suppressed in CCR2 Ϫ/Ϫ livers (Fig.  2, A, F, and G) . These findings indicate that CCR2 is important for the progression of steatohepatitis and fibrosis induced by the CDAA diet.
CDAA diet feeding for 22 wk induces obesity and insulin resistance in WT mice (25) . Table 2 is a summary of metabolic markers in mice fed standard chow, isocaloric control CSAA, and CDAA diets. In CCR2 Ϫ/Ϫ mice, body, liver and visceral fat weights were significantly lower than those in WT mice fed the CDAA diet. Moreover, CCR2 deficiency improved insulin resistance as assessed by HOMA-IR (Fig. 2H) .
Reduction of the recruitment of hepatic macrophages in CCR2
Ϫ/Ϫ mice. Because the recruitment of hepatic macrophages was increased in WT mice on the CDAA diet, we examined macrophage infiltration in CCR2 Ϫ/Ϫ livers. Infiltration of hepatic macrophages was significantly suppressed in CCR2 Ϫ/Ϫ livers compared with WT livers as assessed by counting F4/80-positive cells and measuring hepatic mRNA levels of F4/80 and CD68 (Fig. 3, A-C) . Moreover, Ly6C-positive cells were decreased in CCR2 Ϫ/Ϫ mice (Fig. 3, A and  B) . We then assessed the phenotypes of hepatic macrophages. WT macrophages isolated from mice on CDAA diet expressed high levels of inflammatory markers TNF-␣, inducible nitric oxide synthase (iNOS), and MCP-1, as well as anti-inflammatory IL-10 compared with cells from control mice on CSAA diet (Fig. 3D ). Inflammatory gene expression was similar in CCR2 Ϫ/Ϫ macrophages from mice fed CDAA and control CSAA diets (Fig. 3D) . We did not find any changes in M2 marker Arg-1 in CCR2
Ϫ/Ϫ macrophages with or without CDAA diet treatment (Fig. 3D) . These findings suggest that BM-derived Ly6C-positive macrophages are recruited to the liver through CCR2, and these recruited macrophages express inflammatory phenotypes responsible for the NASH development.
TLR signaling induces MCP-1 production and macrophage infiltration in the liver. Because MCP-1 is a downstream target of TLR signaling, we measured hepatic expression of MCP-1 in TLR mutated mice, in which NASH was diminished after the CDAA diet feeding (24, 30) . Hepatic mRNA expression of MCP-1 was suppressed in TLR4
, and MyD88 Ϫ/Ϫ mice compared with WT mice (Fig. 4A) . As a result of decreased MCP-1 expression, the recruitment of CCR2-positive cells was significantly inhibited in TLR4
and MyD88
Ϫ/Ϫ mice (Fig. 4B) . Because infiltrated macrophages express CCR2 (Fig. 1D) , hepatic macrophages expressing F4/80 and CD68 were significantly decreased in TLR4 Ϫ/Ϫ , TLR9 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice (Fig. 4B ). CCR2-expressing cells and BM-derived recruited Ly6C-expressing cells were also decreased in these mutant mice (Fig. 4, C and D) . Furthermore, TLR4 ligand LPS and TLR9 ligand increased mRNA expression of MCP-1 in primary cultured WT-Kupffer cells (Fig. 4E) . These results suggest that the TLR/MyD88 signaling induces MCP-1 production that recruits BM-derived macrophages to the site of liver inflammation through CCR2 in NASH.
A critical role of Kupffer cells in the early stage of NASH. To gain insights into the role of the liver resident macrophage Kupffer cell at the onset of NASH, mice were subjected to Kupffer cell depletion and a short protocol of 2-wk CDAA diet feeding. Intravenous injection of liposomal clodronate successfully depleted Kupffer cells without affecting other liver cells such as hepatocytes, endothelial cells, and HSCs (24) . Liposomal PBS was used as a control for liposomal clodronate. In the PBS group, moderate degrees of steatosis and the elevation of serum ALT levels were observed after the 2-wk CDAA diet feeding (Fig. 5, A and B) . Infiltration of inflammatory cells including F4/80-positive macrophages was also increased in PBS-liposome-treated CDAA diet-fed mice (Fig. 5, A-C) . In contrast, the clodronate treatment significantly suppressed hepatic steatosis and inflammatory cell infiltration and decreased hepatic triglyceride content and serum ALT levels at the point of 2 wk of CDAA diet feeding (Fig. 5, A-C) . The distribution of F4/80-, CCR2-, and Ly6C-positive cells was also inhibited in Kupffer cell-depleted mice (Fig. 5, A and D) . Moreover, Kupffer cell depletion led to decreased hepatic mRNA expression of inflammatory cytokines including TNF-␣, IL-1␤, and MCP-1 (Fig. 5E ). Because both HSCs and hepatic macrophages express MCP-1 (Fig. 5F ), Kupffer cells and HSCs are major sources of MCP-1 that recruit Ly6C-positive BM-derived monocytes to the liver through CCR2 in the initial stage of NASH. Although collagen deposition was not present after the 2-wk CDAA diet feeding, the expressions of fibrogenic genes including collagen ␣1(I), collagen ␣1(IV), TIMP-1, and PAI-1 were upregulated in PBS-liposome-treated mice, whereas these genes were suppressed in Kupffer cell-depleted mice (Fig. 5G) . These results suggest that Kupffer cells and recruited Ly6C-positive macrophages contribute to HSC activation and fibrogenesis in the early events of NASH.
The pharmaceutical inhibition of CCR2 ameliorates NASH phenotypes in the early and the late stages. Finally, we investigated the potential of CCR2 as a therapeutic target for the treatment of NASH using a pharmaceutical CCR2 inhibitor (RS102895; 10 mg/kg per day; Sigma). To test the therapeutic effect of this drug at the early stage of NASH, we initially tested a short protocol of 2-wk CDAA diet feeding model. The CCR2 inhibitor significantly decreased the number of F4/80-, CCR2-, and Ly6C-positive cells in the liver (Fig. 6, A and B) . Consistent with impaired macrophage recruitment, the CCR2 inhibitor-treated mice showed less hepatic steatosis with decreased hepatic triglyceride content and serum ALT levels (Fig. 6, A and C-E) . In addition, hepatic mRNA expression of inflammatory cytokines TNF-␣ and IL-1␤ and fibrogenic genes was significantly suppressed by the CCR2 inhibitor (Fig. 6, F  and G) . Subsequently, we examined the benefit of the CCR2 inhibitor to the existing NASH. The CCR2 inhibitor was administered to the mice in the last 4 wk of the total 22 wk of CDAA diet feeding. The CCR2 inhibitor decreased infiltration of inflammatory cells including CCR2-and Ly6C-positive cells (Fig. 7, A, B, and D) . The CCR2 inhibitor suppressed the grades of inflammation, liver injury, and fibrosis but not steatosis on the existing NAFLD (Fig. 7, A-F) . These results indicated that, whereas the CCR2 inhibitor prevents hepatic steatosis, inflammation, and fibrosis in early NASH, it inhibits liver inflammation and fibrosis, but not steatosis, in the existing NASH.
DISCUSSION
With sustained inflammation, NASH may progress to cirrhosis and hepatocellular carcinoma. Thus control of liver inflammation may be a potential strategy for the therapy of NASH. Here, we demonstrated that genetic and pharmaceutical inactivation of CCR2 inhibited diet-induced NASH and fibrosis. Expression of CCR2 and its ligand MCP-1 was significantly upregulated after CDAA diet, suggesting an important role of the MCP-1-CCR2 interaction in NASH (Fig. 1) . Hepatic macrophages are the key cells inducing liver inflammation and HSC activation, and infiltration of hepatic macrophages was increased in WT mice on the CDAA diet. Particularly, the hepatic macrophages expressing Ly6C, which are derived from circulating peripheral blood monocytes or BM cells, were increased (2, 13, 14, 18) . This event was blunted in CCR2 Ϫ/Ϫ mice (Figs. 2 and 3 ), suggesting that CCR2 mediates the recruitment of BM-derived Ly6C-positive monocytes. We also found that Kupffer cell depletion by liposomal clodronate prevented early NASH with decreased MCP-1 expression and recruitment of Ly6C-expressing macrophages (Fig. 5) . Furthermore, CCR2 Ϫ/Ϫ mice had less HSC activation and fibrosis in diet-induced NASH (Fig. 2) , which is consistent with our previous report that demonstrated a critical role of CCR2 in liver fibrosis (32) . TLR signaling is a potent inducer of MCP-1 in hepatic macrophages and HSCs (17, 24, 33) . In fact, induction of MCP-1 and CCR2 and macrophage recruitment was suppressed in mice deficient in TLR4, TLR9, and MyD88 (Fig.  4) . Finally, we demonstrated that a pharmacological CCR2 inhibitor inhibits the early and late features of NASH including fibrosis (Fig. 6) .
HFD is often used to study metabolic disease, which develops hepatic steatosis, obesity, and insulin resistance. The importance of MCP-1 and CCR2 in HFD-induced hepatosteatosis has been reported (12, 39) . In the livers of HFD-fed mice, BM-derived macrophages, but not resident Kupffer cells, express CCR2 and a proinflammatory phenotype that promote hepatic steatosis (15, 26) . Whereas HFD treatment induces hepatic steatosis, it does not induce liver inflammation and fibrosis, which are both clinically important features of NASH livers. Methionine and choline-deficient (MCD) diet model is widely used to study NASH that induces strong liver steatosis and inflammation without evident fibrosis and extrahepatic features of metabolic syndrome, such as obesity and insulin resistance. Lately, it has been reported that pharmacological inhibition of MCP-1 and genetic modification of CCR2 ameliorated a mouse model of NASH induced by MCD diet (3) . In the present study, we used CDAA diet that induces NASH accompanied by fine fibrosis, weight gain, and insulin resistance, which are relevant features of human NASH compared with HFD-or MCD-induced NAFLD. Thus we aimed to investigate the role of CCR2 and recruited macrophages in NASH and fibrosis using a CDAA diet model. Moreover, we gained insight into the role of CCR2 and resident Kupffer cells on the recruitment of Ly6C-positive BM-derived macrophages in CDAA diet-induced NASH and fibrosis. Our data demonstrated that Kupffer cell depletion inhibited the initial recruitment of BM-derived Ly6C expressing macrophages at the onset of NASH, suggesting that the resident Kupffer cells are important for recruitment of proinflammatory BM-derived macrophages by production of inflammatory cytokines and chemokines including MCP-1.
Hepatic macrophages are classified into two major populations, liver-resident macrophages (Kupffer cells) and recruited macrophages derived from BM/circulating peripheral blood monocytes (15) . On the other hand, macrophages can be roughly divided into two phenotypes, proinflammatory macrophages so called M1 type and anti-inflammatory M2 type macrophages (21) . Both recruited macrophages and Kupffer cells are the primary cells that produce inflammatory cytokines. Recruited macrophages derived from extrahepatic monocytes preferentially express Ly6C with inflammatory pheno-
Fig. 2. Steatohepatitis is attenuated in CCR2
Ϫ/Ϫ mice. WT and CCR2 Ϫ/Ϫ mice were fed the CSAA diet (CS, n ϭ 5) or the CDAA diet (CD, n ϭ 10) for 22 wk. A: H-E, Oil Red O, ␣-SMA, and Sirius red staining are shown. Steatosis, inflammatory cell infiltration, and fibrosis were attenuated in CCR2 Ϫ/Ϫ mice fed the CDAA diet. Original magnification, ϫ200 for H-E and Oil Red O staining, ϫ400 for ␣-SMA and Sirius red staining. Bar ϭ 100 m. B: nonalcoholic fatty liver disease (NAFLD) activity score. C: hepatic triglyceride (TG) and total cholesterol (TC) and free fatty acid (FFA) content. D: serum alanine transferase (ALT) levels. E: hepatic mRNA expression of inflammatory cytokines. F: Sirius red-positive area was measured on 10 low-power (x100) fields/slide and quantified with the use of NIH imaging software. G: hepatic mRNA expression of fibrogenic genes was measured by quantitative real-time PCR. Genes were normalized to 18S RNA as an internal control. TIMP, tissue inhibitor of metalloproteinase; PAI, plasminogen activator inhibitor. H: insulin resistance was assessed by a homeostasis model assessment of insulin resistance (HOMA-IR). Data represent means Ϯ SD, *P Ͻ 0.05. type (13, 15, 26) . Our data demonstrated that macrophages of WT mice on a CDAA diet express high levels of TNF-␣, iNOS, and MCP-1, but cells of CCR2 Ϫ/Ϫ mice do not (Fig.  3D ). This suggests that BM-derived macrophages recruited through CCR2 express an inflammatory phenotype, whereas resident macrophages (Kupffer cells) are less inflammatory, with lower CCR2 expression, which corroborates the reports from Klein et al. (15, 26) . We did not find any association between CCR2 expression and M2 polarization. Moreover, our previous study demonstrated that the Ly6C-negative resident Kupffer cells express an anti-inflammatory phenotype with the expression of CX3CR1 (2), which further suggests that resident Kupffer cells have less inflammatory properties. These findings implicated that Ly6C-positive BM-derived hepatic macrophages are proinflammatory (M1 type), and resident Kupffer cells have dual phenotypes, capable of both the promotion (M1 type) and the inhibition (M2 type) of inflammation.
Kupffer cell-depleted mice exhibited a significant reduction of MCP-1 expression, suggesting a large contribution of hepatic macrophages for MCP-1 production in the liver. Intriguingly, both hepatic macrophages and HSCs are the major sources of MCP-1 in the liver (17, 30, 33) , and HSCs express more MCP-1 than hepatic macrophages (Fig. 5F ). We suggest two mechanisms by which MCP-1 expression was blunted by Kupffer cell depletion despite the higher expression of MCP-1 by HSCs compared with hepatic macrophages. First, the number of hepatic macrophages is much higher than that of HSCs, MCP-1 is produced in hepatic macrophages through TLR4 and TLR9 signaling and in HSCs via TLR4 (17, 24, 33) . Because MyD88 is a common adaptor molecule for TLR4 and TLR9, it is conceivable that MCP-1 is produced from hepatic macrophages and HSCs through TLR4, TLR9, and MyD88 in murine models of NASH (Fig. 4) . Subsequently, the MCP-1 binding to CCR2 on hepatic macrophages and possibly HSCs promotes NASH and NASH-related fibrosis. Notably, the hepatic recruitment of Ly6C-expressing BM-derived monocytes was abolished in CCR2 Ϫ/Ϫ mice after CDAA diet feeding. These findings strongly suggest that the recruitment of Ly6C-positive cells in NASH is dependent on CCR2.
Hepatic steatosis and fibrosis are promoted by inflammatory cytokines including TNF-␣ and IL-1␤ that are produced mainly by hepatic macrophages (20, 24, 34, 36) . These cytokines induce lipid accumulation through the expression of lipogenesis-related genes including peroxisome proliferatoractivated receptor-␥ and disacylglycerol acyltransferase 2 in hepatocytes (20, 24, 34) . TNF-␣ and IL-1␤ also induce the expression of the fibrogenic factor TIMP-1 in HSCs (24, 36) . The expression of TNF-␣ and IL-1␤ was suppressed in TLR4 Ϫ/Ϫ mice, TLR9 Ϫ/Ϫ mice, and MyD88 Ϫ/Ϫ mice in which steatosis and fibrosis were attenuated after MCD or CDAA diet feeding (24, 30) . Besides the direct effects of inflammatory cytokines on lipogenesis and fibrogenesis, TNF-␣ and IL-1␤ can induce insulin resistance (10, 11) . Importantly, insulin resistance is further associated with the development of steatosis and liver fibrosis (19, 24, 28) . We found that insulin sensitivity was improved in CCR2 Ϫ/Ϫ mice with decreased expression of inflammatory cytokines after CDAA diet feeding. Our studies also showed that insulin resistance is improved in TLR4 Ϫ/Ϫ mice, TLR9 Ϫ/Ϫ mice, and MyD88 Ϫ/Ϫ mice fed CDAA diet (K. Miura and E. Seki, unpublished observations) (24) , which is consistent with previous reports that the HFDinduced insulin resistance is attenuated in CCR2
and MyD88
Ϫ/Ϫ mice (9, 37, 39) . This further suggests that inflammatory cytokines derived from hepatic macrophages may regulate steatosis and liver fibrosis directly and indirectly through insulin resistance.
Evidence is accumulating that CCR2 antagonists are effective in experimental disease models including rheumatoid arthritis, multiple sclerosis, hypertension, and renal fibrosis (6) . A recent study demonstrated the impact of MCP-1 inhibitor on MCD diet-induced NASH (3). Our study investigated a CCR2 inhibitor as a potential agent for the treatment of NASH. The CCR2 inhibitor prevented CDAA diet-induced NASH, including hepatic steatosis, macrophage infiltration, inflammation, and fibrosis. This is suggested to result from the suppression of recruitment of Ly6C-positive monocytes, Kupffer cells, and HSCs by CCR2 inhibition. Although we did not find M2 polarization in CCR2 Ϫ/Ϫ macrophages, it has been reported that a CCR2 inhibitor can shift M1 type macrophages to M2 phenotypes (35) . This further suggests that the CCR2 inhibitor, not only suppresses the recruitment of macrophages and HSCs, Ϫ/Ϫ , TLR9 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice. E: Kupffer cells were isolated from WT mice, followed by treatment with vehicle (Veh), 100 ng/ml LPS, or 5 g/ml CpG-oligodeoxynucleotide (CpG). MCP-1 mRNA levels in Kupffer cells were examined by quantitative real-time PCR. Genes were normalized to 18S RNA as an internal control. Data represent means Ϯ SD, *P Ͻ 0.05.
but also induces phenotypical changes in macrophages from M1 to M2, resulting in the prevention of hepatic steatosis, inflammation, and insulin resistance.
In summary, the accumulation of proinflammatory macrophages expressing Ly6C, resident Kupffer cells, and HSCs contributes to hepatic steatosis, inflammation, fibrosis, and insulin resistance. These features commonly observed in human NASH were ameliorated by genetic depletion or pharmaceutical inhibition of CCR2. Therefore, CCR2 is an interesting potential target for the treatment of NASH. Hepatocyte ballooning is not seen in 2-wk CDAA diet. C: serum ALT levels. D: numbers of F4/80-, CCR2-, and Ly6C-positive cells were counted. E and G: hepatic mRNA expression of TNF-␣, IL-1␤, MCP-1 (E), and fibrogenic factors (G) was determined by quantitative real-time PCR. Genes were normalized to 18S RNA as an internal control. Data represent means Ϯ SD, *P Ͻ 0.05; **P Ͻ 0.01. F: MCP-1 mRNA expression in hepatic macrophages (KC) and hepatic stellate cells (HSC) was determined by quantitative real-time PCR. Genes were normalized to 18S RNA as an internal control. Data represent means Ϯ SD, **P Ͻ 0.01.
